The determinants of inadvertent occupational ingestion exposure are poorly understood, largely due to a lack of available exposure measurement data. In this study, perioral exposure wipes were used as a surrogate for inadvertent ingestion exposure to measure exposure to eight metals (chromium, nickel, aluminium, cobalt, lead, arsenic, manganese, and tin) among 38 workers at 5 work sites in the UK. This work was done alongside a previously reported observational study of hand/objectto-mouth contact frequency. Systematic wipes of the perioral area, and of both hands were taken with proprietary cellulose wipes pre-moistened with deionized water. Measurements were taken at the beginning, middle and end of the shift. Mixed-effect models of exposure measurements were built with area of skin sampled, time during shift, and job group entered as fixed effects and worker identification as a random effect. Linear regression modelling was used to study the effect of hand/ object-to-mouth contact frequency on perioral exposure, adjusting for the measured exposure on the hand and observed respirator use. Hand and perioral exposure measurements were correlated with one another (r = 0.79) but mass per unit area exposure was significantly higher on the perioral area than on the hands for seven of the metals (at P < 0.05). There were no significant differences between measurements taken at the middle or the end of the shift for five of the metals suggesting that dermal loading may remain relatively constant for much of the workday. This applies to both hand and perioral measurements. In linear regression modelling there was no relationship between hand/object-to-mouth contact frequency and perioral exposure, but hand exposure was significantly positively related to perioral exposure and workers who used respirators had significantly higher perioral exposure than those who did not. The results suggest the levels of exposure on the hand and respirator use are important determinants of potential inadvertent ingestion exposure. The results did not demonstrate a relationship between perioral exposure and hand-to-mouth contact
Introduction
Inadvertent ingestion has been identified as a potential route of exposure to hazardous substances for 16% of the UK working population (Cherrie et al., 2006) . It was defined by Gorman Ng et al. (2012) as 'ingestion that arises from contact between the mouth or the perioral region (the area surrounding the mouth) and contaminated hands or objects, which results in ingestion of which the individual may be oblivious'. To estimate the true prevalence and impact of exposure by this route, exposure measurements are needed but few have been reported. Exposure measurements are also necessary to identify the determinants of exposure so that exposure controls, and predictive models can be developed. Several determinants of inadvertent ingestion exposure have been inferred from studies of ingestion exposure among children, observational studies of hand/object-to-mouth behaviour, and from laboratory studies of transfer of substances from hands and objects to the oral and perioral area, but these have not been confirmed with field measurements. These determinants of exposure include (i) the level of surface loading on the hands and objects (Freeman et al., 2001 (Freeman et al., , 2005 Juberg et al., 2001; Beamer et al., 2008) ; (ii) the transfer efficiency of the substance between the hands/objects and the perioral and oral area upon contact (Kissel et al., 1998; Cohen Hubal, 2005; Christopher, 2008; Gorman Ng et al., 2014) ; (iii) the surface area involved in contact (Gorman Ng et al., 2012) ; and (iv) hand-and object-to-mouth contact frequencies (Zainudin, 2004; Zartarian et al., 2005 Zartarian et al., , 2006 Christopher, 2008; Stapleton et al., 2008; Gorman Ng et al., 2016) . A connection between dermal and inadvertent ingestion exposure has also been identified since exposure on the skin can transfer to the mouth upon contact. Gorman Ng et al. (2012) have developed a conceptual model of dermal and inadvertent ingestion exposure that demonstrates this relationship.
The paucity of inadvertent ingestion exposure measurements may be, in part, due to difficulties in finding a suitable measurement method. Biological monitoring methods may be suitable. These methods measure the amount of a substance in the body using samples from the body, usually blood or urine. They typically capture exposure from all routes, including inadvertent ingestion. However, it is difficult to identify how much of the exposure comes from ingestion and how much comes from other routes. Another possible method has been described by Far et al. (1993) and Christopher (2008) . Both papers describe efforts to isolate the contribution to exposure from ingestion by analysis of saliva samples. They aimed to capture the ingested material as it entered the body, rather than using the saliva to measure absorbed or metabolized material. However, in this context, a saliva sample identifies only the amount of the substance in the mouth at the time it is taken; it does not reveal anything about the total amount swallowed during the task or the workday. Christopher (2008) reported that the saliva sampling method was probably not appropriate because of the continual flux of saliva through the mouth. Hwang et al. (2000) found that lead in blood was significantly and positively correlated with lead measured on lip wipes in a study of lead battery plant workers in Taiwan. Christopher (2008) used wipes of the perioral area in addition to saliva samples. For exposure to lead and nickel, Christopher (2008) reported a poor correlation between hand wipe and saliva measurements (r = 0.31), but a good correlation between hand and perioral wipe measurements (r = 0.67). Christopher (2008) also developed a preliminary predictive model for inadvertent ingestion exposure. Exposure estimates generated with this model by three exposure assessors correlated well with the perioral wipe measurements of exposure to metals (r values for individual assessors ranged from 0.57 to 0.61). In an observational study of hand and object-to-mouth behaviour among workers at industrial worksites and a research laboratory, Gorman Ng et al. (2016) observed that contacts with the perioral area occurred much more frequently than contacts with the oral cavity. They defined the perioral area as 'the lips and the area within two cm of the lips'. Average frequencies of 5.8 and 1.1 contacts per hour were observed for hand-to-perioral and object-to-perioral contact, respectively; this is in contrast to average hand-to-oral and object-to-oral contact frequencies of 0.4 and 0.5 per hour, respectively.
Lip and perioral wipes have a similar weakness to saliva samples as a single measurement provides no information on the amount that has already travelled from the lip or perioral area to the mouth. However, levels of exposure on the perioral area are more stable than exposure in the oral cavity because swallowing is typically more frequent than lip licking. Material on the perioral area can potentially be ingested when the lips are licked or while eating or drinking. Perioral wipe measurements may, therefore, be a suitable surrogate measure for potential inadvertent ingestion exposure. These measurements are specific to the inadvertent ingestion route of exposure, so may be useful for determinants of exposure studies.
The primary aim of this study was to measure exposure to metals on the perioral area as a surrogate for inadvertent ingestion exposure and to use these measurements to study determinants of inadvertent ingestion exposure. Exposure on the hands was also monitored for comparative purposes. Exposure to metals was monitored because Cherrie et al. (2006) estimated that metals were the most prevalent group of contaminants to which workers may be exposed by inadvertent ingestion. They estimated that 1.5 million UK workers were potentially exposed to metals by inadvertent ingestion in 2006. Furthermore, metals can be relatively reliably analysed on wipe samples, making them a suitable choice for preliminary assessment of this measurement method.
Methods

Recruitment
Exposure measurements were carried out at five worksites across three companies in the UK, companies A, B, and C. These companies were recruited through the authors' network of industry contacts and a recruitment email sent to an on-line British occupational hygiene discussion forum (UKOH). Companies that worked with metals were targeted. The worksite for company A was a precious metals smelter; B: an engine repair facility and an engine manufacturing facility; and C: a steel processing/coating facility and a steel production facility. This work was done alongside an observational study of hand/object-to-mouth behaviour among workers (Gorman Ng, 2016) . To avoid influencing worker behaviour, workers were not made explicitly aware that the research was focussed on hand-to-mouth exposure, but were informed that the purpose of the monitoring was to study exposures in the workplace during normal work activities. The dermal monitoring measurement methods were explained to workers and workers who participated in the observational study gave informed written consent. Dermal sampling was carried out as routine occupational hygiene sampling, and ethical approval for the observational work was obtained from the University of Aberdeen College Ethics Review Board (Certificate Number: CERB/2011/5/619). To encourage participation, workers were entered in a prize draw to win one of four retail vouchers worth £50 each, and participating companies were provided with a report on the exposure levels measured at their worksites. Individual workers were anonymized within these reports.
Sampling methods
Wipe sampling was selected as an appropriate measurement method for this investigation because it measures the removable portion of dermal exposure. Any material that has been absorbed by the skin is not available for inadvertent ingestion exposure so the removable portion of exposure was the most relevant for this study.
Each worker was monitored three times over the course of the shift, at the beginning of the shift (within the first hour), before the mid-shift break, and at the end of the shift. Wipe samples were collected from the right and left hands and the perioral area. For 10% of participants, measurements were repeated on a separate work shift. Five field blanks were also taken from each worksite. These were wipe samples that were opened in the field but not used to wipe skin, each blank consisted of one wipe. To obtain information about typical dermal loading over a work shift, workers were told to make no changes to their normal hand-washing habits. At the end of the shift workers were asked how many times they had washed their hands during the shift.
Dermal wipe methods were based on those described by Fenske et al. (1999) . Field researchers wore nitrile gloves when taking samples. Ghost Wipes (SKC Ltd. Dorset, UK) were used to sample exposure to metals. These are proprietary cellulose wipes pre-moistened with deionized water.
The entire hand was wiped systematically with six Ghost Wipes on:
1) The palm (first and second Ghost Wipes);
2) The back of the hand (third and fourth Ghost Wipes); and 3) The fingers (fifth and sixth Ghost Wipes).
The first Ghost Wipe sampled the palm beginning by wiping the palm horizontally across the wrist and continued by gradual horizontal wipes up the entire palm. The procedure was then repeated (using the same Ghost Wipe) by wiping from the wrist to the base of the fingers. The second Ghost Wipe repeated the same palm wiping procedure.
The third Ghost Wipe wiped the back of the hand beginning with a horizontal wipe across the wrist and continuing horizontal wipes up to and including the knuckles. This procedure was repeated, using the same Ghost Wipe, with wipes from the wrist to the knuckles. The fourth Ghost Wipe repeated the procedure for wiping the back of the hand. The fifth Ghost Wipe wiped the fingers. The front, back, and sides of each finger were each wiped from top to bottom with two successive passes. The sixth Ghost Wipe repeated the finger wiping procedure. All six Ghost Wipe samples from one hand were stored in a sealable plastic bag and analysed as a single sample.
The perioral region was wiped systematically with two Ghost Wipes. The first Ghost Wipe wiped the area under the nose along the horizontal length of the lips plus ~2 cm on each side of the lips, and then wiped the lips and the chin with horizontal passes. The same area was then wiped systematically with vertical wipes from the middle of the chin to approximately the base of the nose for the length of the lips plus ~2 cm on each side. This procedure was repeated with the second Ghost Wipe. The two Ghost Wipes from the perioral area were also stored together in a sealable plastic bag and analysed as a single sample.
Chemical analysis
Each set of wipes was analysed for its content of up to four metals (depending on the metals present at the worksite). The metals that were sampled were: chromium (Cr), nickel (Ni), aluminium (Al), cobalt (Co), lead (Pb), arsenic (As), manganese (Mn), and tin (Sn). Samples were analysed for total content of the metals of interest using a modification of OSHA ID 121 (OSHA, 2002) . The wipes were digested in concentrated nitric acid and made up to a known volume with deionized water. An aliquot of each sample was analysed by inductively coupled plasma with atomic emission spectrometry.
Sampling efficiency
Sampling efficiency experiments were carried out on glass slides prior to sampling. Glass slides were selected rather than a surrogate skin substrate because in this study the removable fraction of metal was of interest rather than the amount of exposure that had been absorbed. In preliminary sampling efficiency trials using pigs' trotters, there was loss to dermal absorption which did not allow estimation of the removable fraction. A pipette was used to spike 1000 ppm solutions containing either 12.5 or 50 µg each of Co, Cr, Ni, and Pb on to a glass slide (n = 3 for each metal and mass combination). The solution was allowed to air dry under a fume hood. The spiked area was wiped six times by each Ghost Wipe with three vertical passes followed by three horizontal passes and this procedure was then repeated with a second Ghost Wipe. The two wipes were combined in analysis. The sampling efficiency was estimated as the percentage of the mass spiked to the glass slide that was detected in chemical analysis. The estimated sampling efficiencies ranged from 79 to 107% with an average sampling efficiency and standard deviation (SD) of 92% (SD = 7%) and 96% (SD = 7%) for 12.5 and 50 µg spikes, respectively (Gorman Ng, 2013) .
Hand/object-to-mouth observations
A subset of the monitored workers also participated in the observational study on the same shift that they were monitored. All of the monitored worksites were represented in this subset. The observational methods were described by Gorman Ng et al. (2016) . In summary, observed workers were shadowed for about 60 min by a researcher who recorded each hand/object-to-mouth contact on an iPod Touch (Apple Inc. Cupartino, CA, USA) along with contextual information about each contact including personal protective equipment use, and type of object involved in contact. The hourly frequency of 'hand/object-to-mouth contact' was calculated for each worker. The 'mouth' was defined as including both the oral cavity and the perioral area.
Data processing and analysis
Five field blanks were taken at each site and the average of the mass of each metal measured on these blanks was subtracted from the mass detected on each sample. This was corrected for the number of Ghost Wipes used per sample to account for the potential for each individual Ghost Wipe to become contaminated during manufacturing or when opened. Masses of metals detected in the field were frequently <50 µg so a sampling efficiency of 92% was used to adjust exposure measurements.
The United States Environmental Protection Agency (2011) Exposure Factors Handbook reported that the average surface area of both hands for an adult male is 1070 cm 2 ; this corresponds to a surface area of about 535 cm 2 per hand. Hand exposure measurements were divided by 535 cm 2 to estimate the mass exposure per unit area (µg cm −2 ). Measurements taken during laboratory experiments of oral and perioral transfer efficiencies (Gorman Ng, 2013) indicated that the surface area of the perioral area for males is about 40 cm 2 ; perioral measurements were divided by 40 cm 2 to estimate the mass per unit area. Data that were below the limit of detection (LOD) were replaced with imputed values from a uniform distribution between zero and the LOD (single imputation). A number of other statistical methods were examined to determine the effect on the results of the analysis, including using censored survival techniques and replacing all values below LOD with half of the LOD, further data sets were also set up for analysis using random imputation. The results did not differ greatly regardless of the method used and the data from single imputation method were used and are reported.
The data distribution was assessed using histograms and q-q tests and the data were determined to be approximately lognormally distributed and were therefore log transformed before analysis. Descriptive statistics (geometric mean [GM] , geometric standard deviation [GSD]) were calculated for the dermal exposure measurements by time of shift and body part measured (left hand, right hand, and perioral).
Mixed-effects modelling was used to examine whether there were differences between measurements taken at different times of the shift (beginning, middle, and end), and between body parts measured (left hand, right hand, perioral), controlling for job group. Time during shift, frequency of handwashing, body part, and job group were all entered to models as fixed effects. To take account of the repeated measurements within workers, worker ID was entered to models as a random effect. Bonferroni's post-hoc test was used to assess differences between individual times of the shift or dermal body parts.
Multiple linear regression analysis was carried out on data from workers who participated in both dermal monitoring and hand/object-to-mouth observations. Perioral exposure was the outcome variable and total hourly frequency of contact (including contacts with both objects and hands), exposure on the dominant hand, and use of respiratory protective equipment (RPE) (yes or no) were entered as explanatory variables. The average perioral exposure across the middle and end of shift measurements was used as a representative value for exposure across the entire shift. The measurement from the beginning of the shift was excluded as this may be lower than typical exposure over the course of the shift as many workers had not yet begun their shifts when these measurements were taken. The use of RPE was entered to models because it may act as a barrier to hand-to-mouth contact. Due to the large proportion of workers who used gloves (over 90%) it was not possible to control for glove use. Some of this subset of workers were observed and monitored twice (on two different shifts). Since Gorman Ng et al. (2016) found that there were within-worker differences in hand/object-tomouth contact rate when workers were observed more than once, each contact frequency was paired with the measurement taken on the same shift and these were treated separately in analysis. In some cases, workers were observed twice on a single shift, in these cases the contact frequencies were averaged over the two observations and the averaged data were paired with the measurement data for the shift.
Separate mixed-effect and multiple linear regression models were developed for each metal. Statistical significance was defined as P <0.05. Analyses were conducted with Minitab (Minitab Inc. State College, PA, USA) and Genstat 15 th Edition (VSN International, Hemel Hempstead, UK).
Results
Sample population
The exposure monitoring took place between March and August 2012 and all worksites were in the UK. All site visits took place during day shifts, ranging from 8 to 12 hours, beginning either in the morning or the early afternoon. Dermal exposure measurements were taken from 38 male workers at five worksites across three companies. On-site safety managers identified workers who were potentially exposed to metals, and a research team member asked these workers to participate in the study. All workers who were approached agreed to participate. In total, 48 sets of measurements were taken, 10 of which were repeat measurements of the same workers on two separate shifts. Each set consisted of nine measurements (left hand, right hand and perioral from the beginning, middle and end of the shift). Each set was analysed for between one and four of the eight metals. The most commonly sampled metal was Cr (42 sets) followed by Ni (30), Al (26), Co (18), As (12), Pb (12), Mn (6), and Sn (4). Twenty-four workers participated in both exposure monitoring and the hand/object-to-mouth contact observational work.
Workers reported washing their hands an average of 3.8 times per shift (SD = 1.7), with responses ranging from 0 to 7 times per shift. Handwashing was typically done either in break/lunch rooms or in lavatories. Frequency of handwashing was weakly correlated with decreasing exposure on both hands (r = −0.095 right, −0.077 left) and on the perioral area (r = −0.171). Handwashing frequency was excluded from final exposure models because its inclusion did not add to the fit of the model and its effect was not statistically significant.
Exposure measurements
Measurements were taken from 10 different job groups within the five worksites (Table 1) . Seventeen percent of measurements were <LOD. After adjusting for body part monitored and the time of sampling (beginning, middle, or end of shift) there were significant differences in hand and perioral exposure between job groups for most of the metals monitored (P < 0.001 for Al, Co, Cr, Ni, and Pb; P = 0.238 for As; Mn, and Sn used in only one job group each). Job group and worksite were related to one another as each job group was associated with only one worksite so only job group was entered to models. The range of exposure, GM and GSD by metal, worksite, and job group are presented in Table 1 . Exposures to any measured metal ranged from <0.0006 to 4.256 µg cm −2 on the right hand, <0.0006 to 4.257 µg cm −2 on the left hand, and from <0.008 to 6.793 µg cm −2 on the perioral area. The highest GM exposures were observed among metal sprayers at the engine repair facility from company B (Al = 0.706 and 0.607 µg cm −2 and Ni = 0.588 and 0.700 µg cm −2 on the right hand and perioral area, respectively), and on raw materials bay workers at the steel plant from company C (Mn = 0.729 and 2.462 µg cm −2 on the right hand and perioral area, respectively).
Relationship between hands and perioral area
There were significant differences (P < 0.001) between the right hand, left hand, and perioral area for all monitored metals except for Al (P = 0.166; Table 2 ). Mass per unit area exposure to all substances but Al was significantly higher on the perioral area than on both the right and left hands. There were significant differences between the left and right hands for Co, Mn, Ni, and Sn. In these cases, exposures were higher on the right hand. The measurements for the right hand and the perioral area were correlated with a Pearson's correlation coefficient of 0.79 (Fig. 1) . The dominant hand was not recorded for the workers who participated only in the dermal monitoring part of the study. It was recorded among those who participated in the observational part of the study. Of the 24 workers who participated in both, all but one were right-handed.
There were thirty exposure measurements for which hand/object-to-mouth contact frequencies were available from the same workers on the same shift. However, these workers were all potentially exposed to different metals so for individual metals the sample size was <30. Multiple linear regression models were generated for the four metals with sample sizes >10: Al, Co, Cr, and Ni (Table 3) . Exposure on the right hand was positively associated with perioral exposure in all models and this was statistically significant for three of the four metals: Co, Cr, and Ni. In all four of these models, the frequency of total hand and object-to-mouth contacts had no relationship with exposure on the perioral area. There was also a positive relationship between RPE use and perioral exposure for all metals and this was significant for Co and Cr.
Time of sampling and exposure
Measurements from the beginning, middle, and end of the shift were compared in mixed-effect models, controlling for body part sampled and job group (Table 4) . There were significant differences (P < 0.001) for all monitored metals except for Al (P = 0.176). Measurements taken at the beginning of the shift were significantly lower than measurements at the middle and end of the shift for all metals but Al. For 5 of the 8 metals (Al, Co, Cr, Ni, and Sn), there were no significant differences between measurements taken at the middle and the end of the shift.
Discussion
Although inadvertent ingestion exposure has been identified as a possible route of occupational exposure to hazardous substances, the availability of measurements for this route of exposure remains very limited. So far, many of the determinants of inadvertent ingestion exposure have been inferred from laboratory experiments and observational work. Exposure measurements are needed to verify these determinants and to identify others.
In this study, exposure to eight metals was monitored at five worksites. Not all monitored metals are associated with health effects when ingested. However, the focus of this study was on collecting preliminary inadvertent ingestion exposure measurements to identify determinants of inadvertent ingestion exposure rather than on identifying potential health risks so any metals that may be ingested by workers were included.
Wipes of the perioral area were used as a surrogate measure of inadvertent ingestion exposure. There is evidence to suggest that this may be a useful surrogate (Hwang et al., 2000; Christopher, 2008; Gorman Ng et al., 2016) . However, it is not a perfect measure because it does not include exposure that occurs when hands or objects are inserted directly into the mouth and it does not capture exposures that have already migrated from the perioral area to the oral cavity prior to sampling. The exclusion of exposures that have migrated from the perioral area to the oral cavity prior to monitoring was addressed by monitoring exposure three times over the Table 1 . GM, GSD, and range of hand and perioral measurements by worksite, job group, and metal.
Company ( 096-6.793 N = the number of sets of measurements. A set of measurements includes nine measurements taken from three body areas (right hand, left hand, perioral), at three points over one shift (beginning, middle, and end) for one worker.
course of the shift to obtain information about typical levels of exposure on the perioral oral area throughout the shift, rather than a measurement at a single point in time. A glass slide surface was used to determine the sampling efficiency of our wiping method as a surrogate skin surface could not be used due to losses to absorption. A glass slide is a smoother surface than skin, so removal efficiencies are likely to be overestimated. However, this will apply to all the measurements taken during this study, making them directly comparable to one another. Consequently, the measurements are suitable for a study of determinants of exposure, but may not be suitable for assessing the health implications of the measured levels of exposure. Further research on the use of perioral wipes as a surrogate measure would be required to improve their applicability to health risk assessment. This could be done by collecting simultaneous inhalation, dermal, and perioral exposure measurements alongside biological samples. The expected dose from the exposure measurements for each route of exposure could be compared to the biological sample to determine if inclusion of perioral exposure measurements explains the uptake demonstrated by the biological sample better than the inhalation and dermal samples alone. Small and medium sized enterprises (SMEs) are underrepresented in both the discussion forum and the network of contacts used to recruit participating companies and were not represented in this study. The companies who responded and agreed to participate were all large companies (>100 employees) that employed in-house health and safety staff. Gorman Ng et al (2016) noted that general hygiene conditions and worker health and safety awareness may differ between SMEs and the large companies with an interest in health and safety (as demonstrated by a willingness to participate in occupational hygiene research). This could influence the frequency of hand/object-to-mouth contact, and the magnitude of dermal and ingestion exposure.
Time during shift
In general, exposures at the beginning of the shift were lower than exposures at middle and end of the shift. This is not surprising as some of the monitored workers had not yet conducted exposure generating work tasks at the time when beginning of shift measurements were taken. Most of the monitored workers did have some measureable exposure at the beginning of the shift and this could be exposure resulting from contact with work boots and protective clothing when preparing for the shift, surface contamination throughout the facility, and exposure occurring during activities conducted at the beginning of the shift. Pre-shift measurements were not taken and subtracted from subsequent measurements to correct for take-home or background exposure levels. The act of taking such measurements would remove pre-shift exposure from the skin, meaning that it would no longer be present by the time during-shift measurements were taken and a subtraction would result in underestimation. Instead, measurements were taken several times over the course of the shift to assess typical levels of dermal loading throughout the shift. It was notable that the exposures at the middle and the end of the shift were mostly not significantly different from one another. Despite eating, drinking, handwashing, and dermal sampling, this remained relatively constant. It's unclear why exposures at the middle and end of the shift were approximately the same. It may have been because of quick recontamination after hand-washing/ sampling or a constant rate of loading associated with jobs. Workers in this cohort generally stayed in the same work area for the entire shift carrying out related tasks. This finding may not apply to workers who carry out a wide variety of tasks throughout a work shift involving different work areas and different exposure agents. Christopher (2008) also monitored exposure at different points over the course of the shift but the points at which measurements were taken varied between the different facilities so differences between measurements at different times in the shift were not analysed.
Relationship between hand and perioral
The results of this study have provided further evidence of a connection between exposure on the hands and exposure on the perioral area, supporting the finding by Christopher (2008) of a positive correlation between exposures on these two dermal areas. However, there was no evidence of a relationship between the frequency of hand/object-to-mouth contacts and perioral exposure. It may be that the amount of exposure on the hands has a much larger effect on the exposure on the perioral area than the number of contacts. Previous studies of exposure on the hands following repeated contacts with contaminated surfaces have suggested that exposure levels do not increase substantially with additional contacts after 3 to 6 contacts (Cohen Hubal, 2005; Christopher, 2008) . This may also be the case for contact with the perioral oral area in which case the number of contacts with the perioral area may not have a large effect on exposure. Another explanation for this finding may be that the frequency of contacts assigned to each worker was based on a 1-hour observation while the exposure measurement relates to the shift as a whole. Gorman Ng et al. (2016) found that there were significant withinworker differences in hand-to-mouth contact among workers who were observed on more than one occasion. It may be that the contact frequencies that were assigned to workers in the regression models were not representative of their contact frequency over the entire shift.
Hand-to-mouth contacts include contacts involving both gloved and bare hands. In the observational work we found that, among the workers who wore gloves, the gloves were typically not worn continuously. Hand-tomouth contacts were less frequent when the hands were covered with gloves. Among workers who wore gloves at all during the observation period, the frequency of hand-to-mouth contact during the times when they were wearing gloves was 1.2 contacts/hour. It was 4.8 contacts/hour during times when gloves were not worn (Gorman Ng et al., 2016) . We have demonstrated a relationship between exposure on the bare hands and the perioral area, but the relationship between loading on the gloves and perioral exposure remains unknown. Although glove-to-mouth contacts are less frequent than bare hand-to-mouth contacts the glove/perioral exposure relationship should be investigated in future research.
RPE
Gorman Ng et al. (2016) found that among workers who used RPE during the observation period, hand-tomouth contacts occurred less frequently during times when the RPE was worn than during times when it was not worn. This indicates that RPE can act as a barrier to hand-to-mouth contact. However, they also found that workers who used RPE had a higher overall frequency of hand-to-mouth contact (over the entire observation period, including periods when workers did and did not wear the RPE) than those who did not use RPE at all. There was also evidence of a greater rate of object-tomouth exposures among RPE users resulting from inappropriate contact between the perioral area and the RPE itself, for example, resting the RPE on the lips or chin. These contacts may be connected to the finding that perioral exposures were higher among RPE users. It is also likely that workers who use RPE do so because they are involved in higher exposure activities, and this may result in generally higher exposures, including higher perioral exposures.
Conclusions
Perioral exposure wipes may be a useful surrogate for measuring potential inadvertent ingestion exposure. The measurements collected during this study have allowed the investigation of determinants of inadvertent ingestion exposure. The results provided evidence that exposure level on the hands is a determinant of inadvertent ingestion exposure. However, the results did not indicate a relationship between hand-to-mouth contact frequency and exposure on the perioral area. The collection and analysis of more measurement data from a wider variety of worksites and work sectors could identify further determinants and confirm or refute the importance of some of those that have already been identified.
Given the similarities in methods used to collect perioral and dermal exposure data, the collection of perioral wipes could be easily added to dermal exposure surveys where the ingestion route has the potential to significantly increase the total body burden of a hazard.
